Abstract-The operational amplifier (op amp) is one of the most encountered analog building blocks. In this paper, the problem of testing an integrated op amp is treated. A new low-cost vectorless test solution, known as oscillation test, is investigated to test the op amp. During the test mode, the op amps are converted to a circuit that oscillates and the oscillation frequency is evaluated to monitor faults. The tolerance band of the oscillation frequency is determined using a Monte Carlo analysis taking into account the nominal tolerance of all important technology and design parameters. Faults in the op amps under test which cause the oscillation frequency to exit the tolerance band can therefore be detected. Some Design for Testability (DfT) rules to rearrange op amps to form oscillators are presented and the related practical problems and limitations are discussed. The oscillation frequency can be easily and precisely evaluated using pure digital circuitry. The simulation and practical implementation results confirm that the presented techniques ensure a high fault coverage with a low area overhead.
as an approach to expose faults. As it requires varying the power supply voltage of the circuit under test (CUT), its integrated implementation causes some problems. testing [10] technique has resulted in a fault coverage of less than 90%. Current sensing necessitates at least one transistor to be cascoded with the circuit under test between supply rails which introduces performance degradation. The simplicity of the dc voltage test method was the driving force behind the evaluation of its effectiveness for op amps. The percentage of faults detected by dc voltage test using primary inputs and outputs is around 80% excluding the capacitor faults which cannot be detected by dc tests [11] [12] [13] . To increase the fault coverage, the op amp internal nodes must also be observed and the test must be completed by some additional dynamic tests [11] or the circuit redundancy must be eliminated during the design stage [12] .
Another problem common to the majority of test methods consists of determining an optimal set of excitation signals and test points. Oscillation-test has shown to have the potential of overcoming most of the above-mentioned problems [14] , [15] . The effectiveness of this test strategy for op amps is examined in this paper. The paper is organized as follows. Section II introduces a brief description of the oscillationtest method. Op-amp design and modeling are presented in Section III. Several DfT techniques for op amps are introduced in Section IV. The effect of process variations on the gain bandwidth measurement is considered in Section V. Section VI discusses the fault coverage of the DfT techniques presented in this paper.
II. OSCILLATION-TEST STRATEGY (OTS) OVERVIEW
This test method is based on partitioning the complex analog circuit into functional building blocks such as: amplifier, op amp, comparator, Schmitt trigger, filter, voltage reference, oscillator, phase lock loop (PLL), etc., or a combination of these blocks. During test mode, each building block is converted to an oscillating circuit by adding some additional circuitry. The oscillation frequency can be expressed either as a function of the CUT components or as a function of its important parameters. Building blocks that inherently generate a frequency, such as oscillators, do not need to be rearranged and their output frequency is directly evaluated [14] .
The observability of a fault in a component (or a parameter) can be defined as the sensitivity of the oscillation frequency with respect to the variations of the component (or the parameter). To increase the observability of a defect in a component (or a fault in a parameter), the sensitivity of the oscillation frequency with respect to that component (or parameter) should be increased. In other words, during the conversion process of the CUT to an oscillator, the oscillator architecture must be chosen to maximize the CUT component's contribution in determining the oscillation frequency. Faults in the CUT related to components (or parameters) that are involved in the oscillator structure manifest themselves as a deviation of the oscillation frequency. Therefore, the deviation of the oscillation frequency from its nominal value may be employed to test for a fault.
The tolerance band of for each CUT is determined using a Monte Carlo analysis taking into account the tolerance of all important technology and design parameters. The accuracy necessary for additional circuitry is around the same accuracy provided for other CUT components.
III. OPERATIONAL AMPLIFIER DESIGN AND MODELING
Before introducing the test technique, important characteristics of the op amp under test and its related frequency domain model are presented. Fig. 1 shows the schematic representation of a classical two-stage CMOS operational amplifier that is considered as the CUT. The op amp has been designed using a 1.2-m CMOS process.
The total amplifier dc open-loop gain is given by (1) where the channel conductances and are defined as
in which is the channel surface mobility, is the capacitance per unit area of the gate oxide, and are effective channel width and length, receptively, and is the channel length modulation parameter of the transistor. represents the quiescent current and is provided by M1 and M4 transistors and the resistor . As the op amp is compensated, its transfer function can be approximated to a single pole transfer function given by (4) in which represents its dominant pole. The unity-gain bandwidth of the op amp is calculated as follows: (5) When the op amp operates at high frequencies , the transfer function is simplified to (6) In the test-mode TM, the op amp is separated from the original circuit and converted to an oscillator. A testable op amp which offers this possibility is shown in Fig. 1 . When the TM signal is active, the negative, positive, and output pins of the op amp are separated from the original circuit using , , and switches, respectively, and will be available for the test structure. As the input impedance of an op amp is generally very high, the and switches do not affect the op amp characteristics and can be implemented using a simple minimum size transistor. The switch appears at the output of the op amp and may affect the output impedance and the stability of the op amp. Therefore, it must be implemented using a CMOS switch to minimize the impedance [19] , [20] . The testable op amp has been designed using a 1.2-m N-well CMOS technology, and the area overhead related to switches comparing to the original op amp active area is around 5%. It should be noted that the internal structure of the op amp employed as the test vehicle in this paper is very simple, and therefore the 5% area overhead can be considered as the maximum area overhead and, in general, the area overhead is smaller. A photomicrograph of the fabricated chip containing the testable op amp is shown in Fig. 3 . The frequency response of the testable op amp is depicted in Fig. 4 . Table I summarizes the important characteristics of the original and testable op amps. The results were obtained from the extracted schematic of the op amp's layout considering the parasitic capacitors and resistors in the presence of a 5-pF capacitive load.
A suitable method to convert an analog building block to an oscillator consists of adding a feedback loop to its structure and then adjusting the feedback elements to establish and sustain oscillation. Depending on the CUT, the feedback loop can be negative, positive, or a combination. In the case where a single oscillation frequency is not sufficient to cover all target faults, a suitable element of the feedback may be varied to produce different oscillation frequencies. Different building blocks can be easily combined together to construct an oscillator whose oscillation frequency depends on the characteristics of the building blocks under test. In this paper, various design for testability techniques based on the above approaches are introduced to test op amps.
IV. OPERATIONAL AMPLIFIER TESTING
In this section, DfT techniques based on the oscillationtest method are presented for single, double, and multiple op amps. In order to evaluate the testability of the proposed test techniques, the process of introducing an exhaustive list of shorts and opens at devices is used with five faults per transistor [11] . Faults such as circuit node opens and shorts To facilitate the mathematical analysis, the combination of feedback loops is presented by a single negative feedback block in which the positive feedback appears as a term with a negative sign. The feedback block converts the op amp under test to a second-order system which has the potential of oscillation. The new transfer function is derived as follows: (7) where (8) in which and . Substituting and in we get (9) In order to construct the oscillator from this new transfer function, its poles must be placed on the imaginary axis in the domain. The poles are obtained by equating to zero the denominator of the new transfer function. Therefore, the coefficient of the term must be forced to zero by proper selection of the value of , which results in (10) The natural oscillation frequency for the new system is given by (11) The differential sensitivity of the oscillation frequency with respect to and is therefore given by
A. Single Operational Amplifier DfT
The maximum achievable frequency using this oscillator can be calculated by equating to zero the derivative of with respect to which results in and and therefore (14) Based on (14) , the maximum oscillation frequency ( 13 MHz) can be obtained by selecting and . The absolute value of and can be small because only their ratio is important. However, very small resistor values increase the power consumption. The area overhead related to additional circuitry can be minimized by choosing the largest possible value for which minimizes the values of and . Note that the maximum limit of is . In our experimentation, a medium frequency has been produced by selecting
. The positive feedback of is necessary to establish sustained oscillations. The oscillation frequency obtained by simulation is approximately 5.8 MHz. This oscillation frequency depends strongly on important characteristics of the op amp under test which are determined by all components of the op amp. Faults in the op amp will deviate its characteristics from their nominal value which can be monitored by observing the oscillation frequency.
As mentioned before, in this section, an exhaustive list of catastrophic faults is injected to quantify the fault coverage. In this particular case, the majority of injected faults have resulted in loss of oscillation. The remaining injected faults caused significant deviation of the oscillation frequency from its tolerance band. The tolerance band of the oscillation frequency has been determined using a Monte Carlo analysis of the oscillator considering the tolerance limits of all components and technology parameters. Fig. 7 illustrates the results of Monte Carlo analysis. To visualize the results, the Fourier transform of the oscillation frequency is given.
Table II presents the resulting oscillation frequencies for the faults which preserve the oscillations but deviate its frequency from the tolerance limit. Faults which result in the loss of oscillation are not presented in this table. Only one fault of each schematically redundant fault set is presented in the table. As the results demonstrate, all injected faults manifested themselves by deviating the oscillation frequency out of its tolerance band and therefore can be detected.
Another single op amp sinusoidal oscillator, which employs both positive and negative feedbacks, is presented in Fig. 8 . The op amp is first converted to a limited-gain amplifier and then cascaded with a simple RC high-pass filter to construct a bandpass circuit. If the gain of the passband system is slightly greater than unity at its central frequency, connecting the output of the bandpass circuit to its input will result in sustained oscillations at its central frequency. In reality, noise at the input of the system is bandpass filtered, slightly amplified, and then fed back to the input, and the same action is repeated. Therefore, the system tends to oscillate at its central frequency. The amplitude of oscillations is limited by nonlinear properties of the op amp. Note that the higher the quality factor of the bandpass system, the purer the sinusoidal oscillation frequency.
In order to obtain the condition and the frequency of oscillation, the same procedure employed for the previous oscillator is pursued. The new transfer function is given by as described in (9) where (15) in which and . Substituting and in we get (16) In order to obtain sinusoidal oscillations, the coefficient of the term in the dominator must be forced to zero using proper selection of the value of which results in
The system oscillation frequency is given by (18) The guidelines for the oscillator component value selection are the same as explained for the previous oscillator. The second oscillator is especially interesting because it can be also used to convert an inverting op-amp-based amplifier to an oscillator using only a simple RC circuit.
To verify (11) and (18), both oscillators have been practically implemented using the fabricated testable op amp. As shown in Figs. 6 and 9, the practical results are very close to predicted theoretical oscillation frequencies. At high frequencies, the oscillation frequency is also affected by the slew-rate of the op amp and therefore should be considered.
B. Double Operational Amplifier DfT
An oscillator structure [18] which is suitable for testing two op amps together is shown in Fig. 10 . This oscillator is a simple sinusoidal oscillator using op amps compensation poles and therefore its oscillation frequency depends tightly on the op amps internal structure. This oscillator represents a smaller area overhead than the previous oscillator.
Assuming and , the characteristic equation of the oscillator is given by (19) Therefore, the condition of oscillation and the frequency of oscillation are found to be
The term represents the unity-gain bandwidth of the th op amp (OA ). Therefore, the oscillation frequency is equal to the geometric mean of gain bandwidth of two op amps. It depends equally on internal characteristics of both op amps.
The tolerance band of the oscillation frequency has been determined to be [ 4%, 5.7%] using a Monte Carlo analysis taking into account the important design and technology parameters. The procedure of exhaustive catastrophic fault injection and detection, as explained for a single op amp oscillator, has been exercised. The faults which cause a deviation of the oscillation frequency from its nominal value are shown in Table III . As the faults which result in the loss of oscillation are very numerous, they are not presented in this table. To simplify the presentation, only one representing fault of each set of schematically redundant faults is presented in the table. By a simple oscillation frequency evaluation process, only four faults remain undetectable because they do not cause the oscillation frequency to exit its tolerance band of 5%. Therefore four faults out of 1174 (2 587) injected faults remain undetectable, which results in a fault coverage of better than 99%. The majority of faults which do not cause a significant deviation of the oscillation frequency from its nominal value can be detected by analyzing the voltage level of the oscillating signal.
C. Multiple Operational Amplifier DfT
An approach to speed up the test process and to reduce the area overhead is to place all existing op amps in a chain and construct an oscillator with them. This is similar to the scan-chain technique widely used in digital testing to verify flip-flops. The oscillator presented in Fig. 11 is an extension of the single op amp oscillator presented in this paper. Increasing the number of op amps in the loop decreases the oscillation frequency. Using this oscillator, several oscillation frequencies can be produced by varying the value of the resistor. Increasing the number of oscillation frequencies improves the fault detectability. This oscillator is feasible for more than two op amps.
The oscillator introduced in Fig. 12 is a ring oscillator implemented using op amps. The first op amp is inverting and the rest are noninverting. The oscillation period is equal to the sum of the delays introduced by op amps and therefore it can be estimated by
where PD and PD represent the positive and negative propagation delays of the th op amp, respectively. As the op amps operate as comparators in the linear and nonlinear region of the transfer function, the propagation delays must be determined using a large signal analysis. Propagation delay of an op amp equals the sum of the delays of each stage. The delay for each stage is defined as the time it takes for its output voltage to make the transition from its quiescent state to the trip point of the following stage. The trip voltage of a stage is approximated by the input voltage required for the current of its output switching transistor (in saturation) to equal the bias current of the transistor. The propagation delay of each stage can be characterized by
where represents the sum of charge, parasitic, and compensation capacitances seen at the output of the stage and is the current available to charge or discharge the capacitance . More details about the estimation of the propagation delay and transistor-level analysis are found in [19] . It can be concluded that the propagation delay contributed by each op amp depends on all its internal components and therefore the propagation delay has the potential of fault detection.
To evaluate the fault coverage of the proposed multiple op amp test techniques, a complete analog signal processing unit consisting of eight op amps has been chosen as the test vehicle. Both multiple op amp test schemes have been implemented and the fault coverage has been analyzed using an exhaustive list of catastrophic faults. It should be noted that in both test structures the op amps are position independent, except OA in Fig. 11 , and contribute equally in the oscillation frequency. In other words, all op amps affect similarly the oscillation frequency regardless of their position. Therefore, injecting all possible faults in a representing op amp to quantify the fault coverage would be sufficient. To verify this assumption, the faults have been also inducted in another op amp and similar results have been obtained. The fault simulation results are presented in Table IV . For the sake of simplicity, the faults which cause loss of oscillation are not included in the table.
As the results indicate, the fault sensitivity of the ring oscillator is slightly higher than that of the phase shift oscillator.
For the ring oscillator, the oscillation frequency of only one fault per op amp, which represents four physically different faults out of 587, remains in the tolerance band. Therefore, the fault coverage is about 99.3%. For the phase shift oscillator structure, three faults per op amp, which represent 53 physically different faults, do not exit the oscillation frequency from its tolerance band, resulting in a fault coverage of 91.3%. As it will be explained further in this paper, this difference comes from the fact that the op amps are converted to unity-gain amplifiers in the phase-shift oscillator, which decreases the sensitivity to the op amp characteristics. For the ring oscillator, the discrete fast Fourier transform (FFT) of the output oscillating signal without fault and in the presence of a fault (N5, 6-S) that deviates the oscillation frequency out of its tolerance band is illustrated in Fig. 13 . Our experimentation indicates that there is a relationship between the number of op amps in the loop and the fault coverage. As the number of op amps in the loop increases, the fault coverage decreases. Therefore, a compromise should be done between the number of op amps in the loop and the desired fault coverage. 
V. PROCESS VARIATION CONSIDERATION
Oscillation-test methodology has the potential of measuring different characteristics of the circuit under test. In this section, we present a technique for gain-bandwidth measurement of op amps that can be used either as an on-chip approach or as a low-cost off-chip method. In fact, as (11) and (18) imply, the proposed DfT techniques for single op amp can be directly used as a technique to measure the op amp's gain-bandwidth as follows:
Therefore, having and measuring the oscillation frequency , the op amp's gain-bandwidth can be deducted. The drawback of this technique for on-chip measurement is the tolerance of the which is determined by and . To overcome this problem, we propose to produce two oscillation frequencies to compensate for the absolute variations of and . As shown in Fig. 14 , the first oscillation frequency is generated when the switch is open and the second oscillation frequency is produced when the switch is closed. These oscillation frequencies are given by (25) (26) where and and therefore (27) Using (25)- (27), the gain bandwidth of the op amp can be calculated as (28) where and are directly measured and is a coefficient which depends to the ratio of resistor values and not their absolute value and therefore is much less susceptible to process variations.
VI. DISCUSSION
For all case studies presented in this paper, a comprehensive list of hard faults has been inducted and the oscillation frequencies have been analyzed. The results confirm that a high fault coverage can be achieved by evaluation of only the output oscillation frequency for all cases. The reason for this good fault coverage resides in three facts which are considered as the main advantages of the oscillation test methodology. 1) Operational amplifiers have at least two stages of amplification which result in a very high gain. In the majority of applications, a feedback loop is added to establish the gain to a small but stable value which causes the redundancy in the op-amp-based analog circuits. In that case, the faults which decrease the open-loop gain by a factor of two, for example, will not affect the opamp-based circuit performance. In the test structures presented in this paper, the oscillation frequency depends directly on the gain bandwidth of the op amp and therefore faults affecting the open-loop gain or the location of op amp's dominant poles can be monitored. 2) There are four sources of error in analog testing: the imprecision related to the analog test vectors, the acceptable tolerance of the CUT, the imprecision of the output response checkers, and the presence of noise. During the test process, the acceptable performance deviation range must be enlarged to accommodate these sources of error because they may exist even if the CUT is fault free. In the OTS-based test structures, the error related to the inaccuracy of the test vector is eliminated because no test stimulus is applied. The error related to the output response checker is also minimized because the reference value is a frequency, rather than a voltage or current, which is easily transferable to where it can be measured without significant precision degradation, and the oscillation frequency can be evaluated using pure digital circuitry. Noise affects the oscillating signal by introducing a jitter. Due to the random nature of jitter, its effect is eliminated by measuring the oscillation frequency over an arbitrary long period of time. 3) In a given oscillator, the oscillation frequency depends on a wide range of the ac behavior of its transfer function. For example, in a bandpass-based oscillator, the oscillation frequency depends on the entire range of its open-loop ac behavior having greater than unity gain. In fact, the oscillation frequency can be considered as the sum of frequency components which can pass through the bandpass system with an amplification. Therefore, a change in any of these components will affect the oscillation frequency. When testing this bandpass system by applying only a test frequency, based on conventional test methods, reliable information about the ac behavior of the rest of the transfer function cannot be achieved.
In practice, many test frequencies should be applied to ensure a complete coverage over the ac behavior of the CUT. The sum of these test frequencies can be applied to the bandpass system as a multitone test stimulus. In this case, the ac behavior coverage is comparable to the coverage obtained by the evaluation of the oscillation frequency in oscillation-test strategy. The results indicate that the fault coverage can be increased by simultaneous frequency and voltage level value evaluation of the output oscillation frequency or applying an FFT tech-nique to analyze the output oscillating signal. As the fault coverage achieved by only oscillation frequency evaluation is satisfactory, the evaluation of the output voltage level is not necessary.
VII. CONCLUSION
A new vectorless dynamic test strategy based on converting the CUT to an oscillator has been applied to op amps. The advantages of the presented test techniques include a high fault coverage, reduced test time, very simple test procedure, and elimination of the test vector process. This test technique eliminates the need for costly specification tests and may be considered as a low-cost test method because no complicated circuit overhead is required. The results show that a multiple op amp ring oscillator is very suitable for testing all op amps on the chip and can achieve high fault coverage. Extensive simulations and practical results demonstrate the robustness of the oscillation-test strategy for op amps. The proposed test techniques can be practically integrated in a built-in self-test structure. The oscillation frequency can be converted to a digital number by a frequency-to-number converter which can be easily interfaced to boundary scan or other test methods dedicated to the logic part of the chip under test.
